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Achieving Precision and Reproducibility for Writing Patterns
of n-alkanethiol Self-assembled Monolayers with Automated
Nanografting
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WILSON K. SEREM, STEPHANIE L. DANIELS, KATHIE L. LUSKER, and JAYNE C. GARNO
Department of Chemistry and the Center for Biomodular Multiscale Systems, Louisiana State University, Baton Rouge,
Louisiana, USA

Summary: Nanografting is a high-precision approach
for scanning probe lithography, which provides unique
advantages and capabilities for rapidly writing arrays
of nanopatterns of thiol self-assembled monolayers
(SAMs). Nanografting is accomplished by forceinduced displacement of molecules of a matrix SAM,
followed immediately by the self-assembly of nalkanethiol ink molecules from solution. The feedback
loop used to control the atomic force microscope tip
position and displacement enables exquisite control of
forces applied to the surface, ranging from pico to
nanonewtons. To achieve high-resolution writing at the
nanoscale, the writing speed, direction, and applied
force need to be optimized. There are strategies for
programing the tip translation, which will improve the
uniformity, alignment, and geometries of nanopatterns
written using open-loop feedback control. This article
addresses the mechanics of automated nanografting and
demonstrates results for various writing strategies when
nanografting patterns of n-alkanethiol SAMs. SCANNING 30: 123–136, 2008.  2008 Wiley Periodicals,
Inc.
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Introduction
Automated scanning probe lithography (SPL) combined with high-resolution atomic force microscope
(AFM) imaging furnish valuable new tools for nanoscale research, enabling control of parameters such as
the size, arrangement, geometry, spacing, the packing density, and the composition of nanopatterned test
elements. Automated SPL offers tremendous advantages for the speed and reproducibility of nanopatterning and can produce highly sophisticated pattern
arrangements and geometries with superb precision for
writing nanopatterns (Cruchon-Dupeyrat et al ., 2001).
Nanopatterned arrays of SAMs written by nanografting (Xu and Liu, 1997; Xu et al ., 1999) furnish 2-D
planar test platforms for further measurements of surface properties, (Price et al ., 2005) and can also serve
as a foundation for bottom-up assembly of complex
nanostructures of polymers, (Liu et al ., 2002b) metals, (Garno et al ., 2007) and proteins (Wadu-Mesthrige
et al ., 1999, 2000, 2001). At present, scanning probe
microscopes (SPM) and scanning probe-based lithography are primarily used for laboratory research investigations rather than as tools for manufacturing. However
in the future, nanoscale technology in manufacturing is
predicted to bring an even greater impact and benefit to
society than present-day microfabrication technologies.
(Roco and Bainbridgem, 2005; www.nano.gov, 2007)
Potential applications include the development of a new
generation of chemical and biosensors, biochips, and
molecular electronic devices (Love et al ., 2005; Ngunjiri et al ., 2006).
Nanografting was first introduced in 1997 by Xu
et al . for writing nanopatterns of SAMs (Xu and Liu,
1997). Since then, a broad range of thiolated molecules
have been nanografted, which provide flexibility in
choosing the desired molecular lengths and terminal
groups for experimental designs (Xu et al ., 1999;
Brower et al ., 2002; Liu et al ., 2002a,b; Hacker et al .,
2004). Nanografting is an AFM-based lithography
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method, which applies mechanical force to an AFM tip
to inscribe patterns of thiolated molecules (ink) within
a matrix SAM. To accomplish nanografting, the AFM
tip is completely submerged in a liquid containing the
ink molecules for writing and AFM characterizations
are accomplished in situ without exchanging tips.
Instruments for AFM have remarkable capabilities for
controlling the force applied to the tip, ranging from
pico to nanonewtons. When low forces are used for
AFM imaging (<1 nN), the SAM surfaces are not
disturbed and can be characterized with high resolution
using contact mode imaging. However, when higher
forces are applied to the tip, areas of the matrix
SAM are shaved from the surface, which enables fresh
molecules from solution to immediately self-assemble
onto the uncovered areas following the track of the
scanning tip. By returning to low force, the same tip
can be used to characterize the nanostructures.
Owing to their stability, ease of preparation and wellordered surface structures, SAMs of n-alkanethiols furnish excellent models for studying molecular binding, since layers of defined thickness and designed
properties can be generated (Sagiv, 1980; Schreiber,
2004). The endgroups of n-alkanethiols bond via thiol
chemisorption to metal surfaces. The properties of
SAM surfaces can be flexibly controlled by changing
the functional (head) groups of the alkyl chain; also
these functional groups can be used for further chemical reactions. The acidity, adhesion, wetting and structural properties of surfaces can be modified by choosing specific chemical headgroups (such as NH2 , OH,
COOH, CH3 , glycol, etc.) (Ulman, 1991; Witt et al .,
2004).The preparation, characterization, and properties
of SAMs have been described and reviewed previously
(Dubois and Nuzzo, 1992; Ulman, 1996; Poirier, 1997;
Schreiber, 2000; Witt et al ., 2004).
Several other approaches for writing nanopatterns of
n-alkanethiol SAMs have been developed with SPM,
such as Dip-Pen Nanolithography (DPN), (Hong et al .,
1999a,b; Mirkin et al ., 2001; Ginger et al ., 2004) biasinduced replacement lithography, (Gorman et al ., 2000;
Kramer et al ., 2003) bias-induced oxidation, (Maoz
et al ., 1999; Maoz et al ., 2000; Gu et al ., 2004) and
catalytic probe lithography (Peter et al ., 2004). The
nature of the desired surface chemistry dictates, which
SPL approach is most suitable and convenient for investigations. All SPL methods use an SPM tip as a tool
for nanofabrication; a suitable analogy is to describe
the tip as a “pen” for writing nanopatterns. The “inks”
for writing are SAMs or other molecules, and various substrates provide the “paper” for nanolithography.
The dimensions of the AFM tip determine the resolution of writing, patterns as small as 3 × 5 nm2 have
been reported (Xu and Liu, 1997). Commercial AFM
instruments furnish software with capabilities to control the length, direction, speed, bias pulse duration,
residence time, and the applied force for the motion

of the AFM tip. Thus, SPL can be completed with
little instrument modification. For example, DPN and
catalytic probe lithography are achieved by using a
coated AFM tip. To accomplish oxidation or replacement lithographies, a conductive probe is used to apply
elevated bias voltages. Nanografting is accomplished
in dilute solutions of thiol inks by applying greater
force to the AFM tip for writing nanopatterns. Details
about the writing strategies and mechanisms for various SPL methods have been previously reviewed (Liu
et al ., 2000; Kramer et al ., 2003; Garcia et al ., 2006;
Garno and Batteas, 2006).
Nanografting provides significant advantages for
in situ investigations, since the steps of characterization and writing are accomplished in liquids without
exchanging AFM tips. The successive changes in surface topography can be viewed after each step: nanopatterning SAMs, rinsing, and introducing new adsorbates.
With in situ nanografting, the SAM patterns remain in
a carefully controlled environment and solutions within
the liquid cell can be exchanged by rinsing to introduce
new reagents for chemical reactions. Another important
advantage of conducting experiments in liquid media is
the dramatic increase in the resolution of AFM imaging.
By imaging in liquid media, the strong capillary interactions between the tip and sample that are present in
ambient air can be reduced or eliminated (Piner et al .,
1999; Knapp and Stemmer, 1999; Wei et al ., 2000).
Binding between molecules is a nanometer-sized
phenomena, thus intuitively, a close-up view of molecules on surfaces furnishes a fresh perspective on how
reactions occur. Nanografted patterns can be incubated with desired nanomaterials or molecules, and
the progressive changes in height and surface morphology of the nanostructures provides insight about
surface reactions and mechanisms. In situ investigations with nanografting have been reported for adsorption of proteins (Wadu-Mesthrige et al ., 1999, 2000,
2001; Kenseth et al ., 2001; Case et al ., 2003; Cheung
et al ., 2003; Jang et al ., 2003; Zhou et al ., 2003), electroless deposition of copper on nanografted gradients
of carboxylate-terminated SAMs (Garno et al ., 2007),
and for pattern transfer reactions with polymers. (Liu
et al ., 2002b)
Despite the intrinsic in situ advantages and capabilities for high spatial resolution, nanografting has not
yet become widely applied for surface investigations
as compared to other ambient ex situ writing methods. The complexity of imaging in liquids requires
advanced skills and training for experimentalists. This
report will provide strategies and technical details for
automated writing of SAM nanopatterns by nanografting. A few key experimental parameters can be systematically optimized for nanografting to enable exquisite
control of pattern geometry, pitch, and reproducibility
at the nanoscale.

J. N. Ngunjiri et al.: Nanografting patterns of n-alkanethiol SAMs

Materials and Methods
Materials

Alkanethiol compounds such as hexanethiol, decanethiol, dodecanethiol (DDT), hexadecanethiol, octadecanethiol (ODT), 11-mercaptoundecanol (11-MUD),
11-mercaptoundecanoic acid (11-MUA) and 16-mercaptohexadecanoic acid (16-MHA) were obtained from
Sigma Aldrich (St Louis, MO, USA) and used without
further purification. Ethanol (200 proof) was purchased
from AAper Alcohol and Chemical Co. (Shelbyville,
KY, USA). Self-assembled monolayers were prepared
by immersing gold substrates in ethanolic solutions
(0.01 mM) of n-alkanethiols for at least 12 h. For AFM
imaging, the sample surfaces were rinsed with fresh
ethanol and placed into an AFM cell holder assembly. The sample surfaces were not exposed to air for
more than a few minutes, to minimize surface oxidation. Two types of atomically flat gold substrates
were used for experiments. Flame-annealed gold-coated
mica substrates with 150 nm gold films were obtained
from Agilent Technologies, Inc. (Chandler, AZ). However, Figures 4, 5, and 6(m) were produced using
template-stripped gold films (Hegner et al ., 1993; Wagner et al ., 1996). The AFM tips for several experiments [Figures 4(a–c), 6(e), (f)] were coated with
octadecyltrichlorosilane (OTS) purchased from Gelest,
Inc, (Morrisville, PA) (Knapp and Stemmer, 1999). A
hydrophobic coating of OTS is often helpful for preventing contamination of the tip by removed matrix
molecules. The tips were exposed for 45 min to UV
light (254 nm) to remove impurities. The cantilevers
were then immersed in a solution of OTS (1 mM) in
a 7 : 3 mixture of hexadecane : chloroform for 1 h followed by chloroform rinsing. The tips were then dried
in air and stored until needed.
Atomic Force Microscopy

Atomic force microscope images were acquired
using either a hybrid SPM system from RHK Technologies, Inc. (Troy, MI) with a PicoSPM scanner (XPMPro

(a)

(b)
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v.1.2.1.0) or with an Agilent 5500 AFM/SPM system
with Picoscan v5.3.3 software. All of the images presented in this article were acquired using contact mode
in ethanol solutions. Images were acquired with 256
lines/frame, with the exception of Figures 2(a), 4, 6(e)
and (f), which were acquired with 512 lines/frame.
The scan rate for acquiring images ranged from 1.2
to 2.5 µm/s. Oxide-sharpened Si3 N4 probes (MSCTAUHW) from Veeco Probes (Santa Barbara, CA) were
used to pattern the alkanethiol monolayers on gold. The
probes have V-shaped cantilevers and relatively low
force constants (kavg = 0.5 N/m), and the same probes
were used for both fabrication and imaging procedures.
The imaging and writing forces were calculated from
the corresponding force—distance curves using the
manufacturer’s reported values for the spring constant.
The values include both the capillary/meniscus contribution and the force of cantilever bending. Images were
processed using Gwyddion, which is available on the
internet, free of charge (http://gwyddion.net).

Nanografting

Nanografting with SAMs is achieved by applying mechanical force to an AFM tip while scanning
(Figure 1). Writing is accomplished in dilute SAM
solutions (0.003–0.01 mM) containing the selected ink
molecule to be patterned by exerting a high local
force on an AFM tip, pushing through the surface
monolayer to contact the underlying gold surface.
When the tip is rastered across the surface under high
force, the molecules underneath the tip are shaved
away and replaced by molecules from the solution.
When the matrix SAM molecules are removed, new
thiol molecules from the solution immediately adsorb
onto the uncovered areas of the substrate to produce
designed nanopatterns, following the scanning track of
the tip. The inscribed patterns can then be characterized in situ without exchanging tips by returning to
low force (<1 nN).

(c)

Fig 1. Steps for nanografting. (a) A flat area is selected by imaging under low force, the tip and surface are immersed in a solution
of thiol (ink ) molecules; (b) Nanopatterns are written by applying greater force; (c) The nanografted patterns can be characterized
in situ by returning to a low force setpoint.
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Results
Automated Writing via Nanografting

Controllers for AFM can be programmed for automated nanografting, to rapidly and consistently generate desired surface arrangements of SAM nanopatterns
(Cruchon-Dupeyrat et al ., 2001).Commercial instruments typically provide software with capabilities to
control the length, direction, speed, bias pulse duration, residence time, and the applied force of the
scanning motion of the SPM tip, analogous to a
pen-plotter. Example arrays of square nanopatterns
written by nanografting are presented in Figure 2.
The topographs display 1.4 × 1.4 µm2 and 1 × 1 µm2
views of nanopattern arrays in Figure 2(a) and (d),
respectively. By changing the length of the alkane
chains of the ink molecules, the height of the nanopatterns can be tailored to be shorter [Figure 2(a)] or taller
[Figure 2(d)] than the surrounding areas of the matrix
SAM. The patterns of 11-MUD are 0.5 ± 0.3 nm
shorter than the surrounding ODT matrix [Figure 2(b)],
in agreement with the theoretically predicted differences in monolayer thickness as depicted in the model
[Figure 2(c)]. The height of the terrace steps of the
underlying gold substrate are clearly visible in the AFM
images, and furnish an internal reference for height calibration. The holes and valleys between terrace domains
are common defects of naturally formed gold surfaces.
There are three patches of matrix areas, which exhibit
a brighter contrast at the center and bottom right of
the image in Figure 2(a). The bright bands were introduced artificially by the image processing algorithm
for slope subtraction. The 150 nm square patterns are
spaced at 200 nm intervals horizontally and 200 nm
pitch vertically between rows. Note that the color of the
nanografted squares is homogeneous, which is evidence
that the ODT matrix layer has been entirely replaced
by the shorter ink molecules of 11-MUD. Each square
was written using a simple raster pattern, with a single
sweep over the surface from bottom to top at 5 nN of
applied force. Writing the 16 patterns of the entire array
was completed within 10 min.
An example array of nanopatterns with a positive height with respect to the matrix is presented in
Figure 2(d), for a 1 × 1 µm2 view. Each square measures 100 ± 5 nm and patterns are spaced at 100 ±
5 nm pitch in the horizontal direction and 200 ± 5 nm
distance in the vertical direction between rows. The
array of square nanopatterns was written using an
applied force of 6 nN. A similar writing strategy (a
single raster scan from bottom to top) was applied
to produce the positive-height array, requiring 25 s
to write each pattern. The patterned molecules of 16MHA are 0.4 ± 0.2 nm taller than the dodecanethiol)
matrix SAM [Figure 2(e) and (f)]. The shapes of the

nanopatterns are square and regular, as is evident in the
representative cursor profile across one row of patterns.
Even smaller nanopatterns of filled circles (diameter
45 ± 5 nm) of 11-MUA were inscribed within a matrix
monolayer of ODT (Figure 3). The patterns are spaced
at 30 ± 5 nm horizontally and vertically. The AFM
topography and frictional force images (350 × 350
nm2 ) reveal differences in height and surface chemistry
for the 4 × 4 array of patterns, sited on a fairly flat
terrace area. Six concentric circular step edges are
visible at the right and bottom edges of the topograph
[Figure 3(a)]. Etch pits and the fine details of the
lacey contours of the step edges can be resolved,
disclosing typical landmarks of a natural SAM surface
on Au(111). The height difference between the matrix
and patterns measures 0.7 ± 0.3 nm as indicated in
the representative line profile across the third row
of patterns [Figure 3(c)]. The expected difference in
thickness between ODT and 11-MUA is 0.7 nm. A
few bright spots are visible on the surface of half
of the nanopatterns in the topography image. The
heights of the spots are identical to the thickness of
the surrounding matrix and are likely attributable to
incomplete removal of the matrix SAM within the
nanopatterns. The frictional force image also discloses
tiny dark or bright spots within the otherwise bright
contrast of the circular nanopatterns, suggesting that
the surface chemistry of the patterned areas is not
completely homogeneous. An outline of the path of
the AFM tip is shown in Figure 3(d) with the position
of the pickup and landing point of the writing area
at the right of each pattern. A corresponding small
protrusion at the edges of the patterns that were written
is also evident in the topography and friction images
[Figure 3(a) and(b)]. The writing path was outlined
manually by directing the motion of an optical mouse to
generate a computer drawing. Once a single pattern was
traced, the same outline was copied and pasted fifteen
times within the 2-D grid of a computer drawing board
(PicoLith beta version 0.4.5, Agilent Technologies,
Inc.). Such a method of filling the pattern by drawing
circles by hand was not 100% effective for removing
all of the matrix molecules within the pattern during
nanografting.
Line Resolution of Nanografting

To investigate the resolution of nanografting line
patterns, an array of nine sets of ring patterns was
produced (Figure 4). The design enables multiple measurements of the linewidths of nanografted rings for
evaluating the resolution of writing, as well as for
assessing the capabilities for reproducibly inscribing
adjacent rings in close proximity. A SAM of dodecanethiol formed on template-stripped gold was used
as the matrix monolayer (paper) and the patterns were
written with hexanethiol (ink ). The topograph (1.5 ×

J. N. Ngunjiri et al.: Nanografting patterns of n-alkanethiol SAMs
(a)

(d)

(b)

(e)

(c)

(f)
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Fig 2. Example arrays of nanografted patterns that are either shorter or taller than the matrix SAM. (a) AFM topograph of 150 nm
square patterns; (b) Cursor profile for the line across three squares in (a); (c) Structural model for nanografted patterns. (d) Array of
100 nm square patterns; (e) Cursor profile for the white line in (d); (f) Model of molecular heights.
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(a)

(b)

(c)

(d)

Fig 3. Nanografted array of filled circle patterns. (a) Topography image of 16 filled circle patterns; (b) corresponding friction image;
(c) cursor profile along the third row of patterns; (d) graphic design for writing the array.

1.5 µm2 ) exhibits fairly large flat terraces, ranging from
200–700 nm in lateral dimensions [Figure 4(a)]. Natural landmarks of SAMs/Au(111) such as etch pits are
clearly visible within the in situ topograph, verifying
that a sharp AFM tip persists after writing the patterns
using 4.8 nN applied force. The circles range from 40 to
210 nm in diameter, and are spaced 220 ± 5 nm horizontally and 200 ± 5 nm vertically. A zoom-in view
of the center pattern is presented in Figure 4(b) and
the corresponding frictional force image is shown in
Figure 4(c). The matrix and patterns are terminated
with methyl groups, so the friction image displays
only a small difference in contrast due to edge effects.

The depth of the line patterns measures 0.7 ± 0.2 nm
[Figure 4(d)] in close agreement with the expected
0.6 nm height difference between dodecanethiol and
hexanethiol SAMs. The AFM tip (pen) is not lifted
from the surface when outlining the circles; instead the
traces are connected together as mapped in Figure 4(e).
All nine patterns were written in less than 2 min. The
“ears” of the mouse patterns were formed by writing
four concentric circles in a bullseye target arrangement,
with an interpattern spacing of 11 ± 2 nm. The “face”
of the pattern was produced by writing seven concentric circles at 12 ± 2 nm intervals. The diameter of the
smallest circle at the center of the designs measured

J. N. Ngunjiri et al.: Nanografting patterns of n-alkanethiol SAMs
(a)

(b)

(c)

(d)

(e)

129

Fig 4. Mouse ear designs produced by nanografting. (a) AFM topograph of concentric rings written with hexanethiol ink within a
dodecanethiol SAM; (b) zoom-in view of a single set of patterns; (c) corresponding frictional image for (b); (d) cursor plot for the line
in (b); (e) writing path of the designed nanopatterns.

23 ± 2 nm. Each circle was outlined twice by the AFM
tip to produce a linewidth of 8 ± 1 nm.
Nanografted letter patterns written with a positive height with respect to the matrix were generated in Figure 5. In this example, the ink molecules
were 16-MHA written within a dodecanethiol SAM
with an applied force of 7 nN. The wide view
topograph [Figure 5(a)] displays four writing areas
within the 11 × 11 µm2 frame. The underlying substrate (template-stripped gold) exhibits flat triangular facets, often viewed for Au(111) surfaces. Dark
defect holes with a depth of ∼1.4 nm are present,
and contaminants are visible at the bottom left of the
image. This example illustrates the practical aspects of
nanografting, it is helpful to navigate around defect
areas to locate atomically flat and defect-free areas
for nanoscale writing. Although nanografted patterns
can be successfully inscribed on rougher substrates,
flat surfaces without defects provide improvement for
the resolution of topographic images. To resolve height
differences of a few angstroms for nanografted patterns, it is beneficial to have a narrower color scale for
image contrast. Zooming in to view the central set of
patterns, [Figure 5(b) and (c)] the writing fidelity and
reproducibility achievable with nanografting is showcased in the 2.4 × 1.8 µm2 view. The height of the
patterns above the matrix is 0.4 ± 0.1 nm, and each
100 nm letter is spaced at 50 nm intervals. The entire
set of patterns was written within 3 min. Each letter
was outlined three times by the AFM tip to produce a
50 nm linewidth. The friction image displays uniform

contrast for the patterns, which is evidence that the
matrix molecules were fully replaced by ink molecules.
Range of Pattern Geometries

A variety of geometries can be designed and written
by nanografting, several examples are displayed in
Figure 6. Cross-shaped patterns of 11-MUD inscribed
within a taller ODT SAM are presented in Figure 6(a)
and (b). Both the topography and frictional force
image clearly reveal the location of the 300 nm crosses
displayed with dark contrast in comparison to the
surrounding matrix. The 11-MUD pattern is 0.4 ±
0.2 nm shallower than the matrix as measured with
a representative cursor line across the top arm of
the cross on the right [Figure 6(c)]. The arms of the
crosses measure 100 nm laterally, and were traced by
a left-right raster pattern advancing 2 nm increments
between linesweeps. The pattern for writing is traced
in Figure 6(d). The patterns were written in less than 2
min using a writing speed of 0.5 µm/s and an applied
force of 5 nN.
Filled circles of hexanethiol were written within a
dodecanethiol SAM [Figure 6(e)]. The four patterns
(130 nm diameter) are spaced 50 ± 5 nm apart vertically and horizontally, and are located on triangular
shaped terraces of ultraflat Au(111). The AFM topograph reveals that the patterns are darker than the surrounding dodecanethiol SAM; the circles were filled by
outlining six concentric rings. A zoom-in topographic

130

SCANNING Vol. 30, 2 (2008)

(a)

(b)

(c)

Fig 5. Nanoscale graffiti written by nanografting. (a) Topographic (11 × 11 µm2 ) view of multiple written areas; (b) zoom-in view of
the central area; (c) corresponding frictional force image for (b).

view of the bottom left pattern [Figure 6(f)] reveals
faint tracks of matrix that were not completely replaced.
The cursor profile in Figure 6(g) shows a height of
0.3 ± 0.1 nm below the matrix, which is in agreement
with the theoretical difference between hexanethiol and
dodecanethiol (0.4 nm). The Picolith design for the patterns [Figure 6(h)] was executed twice to produce the
four patterns, using an applied force of 4.8 nN and
writing speed of 0.1 µm/s.
Ring patterns of 16-MHA with successively decreasing sizes were nanografted [Figure 6(i)] within a dodecanethiol matrix SAM. The diameters of the rings
within the three rows of patterns from left to right are
125, 90, 70, and 50 nm with an approximate error term
of ±5 nm. The array was written in 75 s on a naturally
formed gold film on mica, and despite the defects one
can clearly distinguish the locations of the ring patterns
in both topography and frictional force [Figure 6(j)]
images. The patterns are spaced at 80 nm intervals horizontally, and the vertical distance between rows ranges
from 40 to 90 nm. The line width for the rings range
from 20 to 30 nm. The brightest contrast in the friction
image represents carboxylate-terminated areas written
with 16-MHA ink. The friction image also reveals small
bright spots scattered throughout all areas of the sample. The tiny spots indicate the position of etch pits
in the methyl-terminated SAM matrix. The etch pits
are not observed in the topography image because of

the color saturation, but were evident with zoom views
of individual patterns (data not shown). The friction
contrast of the etch pits is lighter than the nanopatterned areas, which is evidence that the spots are not
caused by surface-solution exchange reactions. When
exchange occurs after extended immersion in the imaging media (>4 h) the height changes from exchanged
molecules will become clearly apparent in the topography images. The force applied to the AFM tip for
writing was 4.2 nN, and each ring was outlined multiple
times. The rings are 0.5 ± 0.1 nm taller than the matrix,
as viewed with a representative cursor line profile in
Figure 6(k). This measurement matches the expected
thickness difference between 16-MHA (1.9 nm) and
dodecanethiol (1.5 nm). As the tip is placed on or lifted
from the surface, the up/down movement of the AFM
tip is often nonlinear, and systematically produces a
writing track at the edge of each pattern as observed
for the nanografted rings. A sketch of the writing map
is presented in Figure 6(l), with arrows to pinpoint the
start and stop positions at the right of each ring.
Five rectangular patterns of 16-MHA were nanografted within a dodecanethiol SAM on templatestripped gold [Figure 6(m)]. Fine details of the surface
morphology are visible within the larger 2 × 2 µm2
frame (acquired in situ in ethanol), because of the
sharp color saturation obtained when using an ultraflat
surface. The vertical length of the rectangles measure
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Fig 6. Patterns with varied geometries and molecular inks written by nanografting. (a) Cross patterns of 11-mercaptoundecanol
nanografted within ODT; (b) corresponding frictional image; (c) cursor profile for a; (d) design for writing the cross patterns. (e) Filled
circles of hexanethiol fabricated in dodecanethiol; (f) close-up view (topography) of a single pattern; (g) cursor profile for E; (h) PicoLith
sketch for writing the circle patterns. (i) Array of ring patterns using 16-mercaptohexadecanoic acid as ink within a dodecanethiol
SAM; (j) corresponding friction image; (k) height profile across three rings in i; (l) map of the tip trajectory for writing the rings.
(m) Rectangular stripes of 16-mercaptohexadecanoic acid nanografted into a dodecanethiol SAM; (n) friction image for m; (o) line
profile across the patterns in m; (p) Picolith outline for writing the patterns.

850 ± 40 nm; and the horizontal widths of each pattern
from left to right are 170 ± 7, 150 ± 4, 125 ± 15,
110 ± 15, and 90±15 nm respectively. The lines were
written by a single pass of the AFM tip using a
horizontal raster pattern (150 linesweeps) from top
to bottom with interpattern spacing (left to right) of
120, 160, 160, and 150 nm. The probe was picked

up and placed on the surface once for each rectangle,
thus the AFM tip was not lifted during the writing
process when inscribing the rectangular patterns. When
acquiring the AFM topography image, a few linespikes
were produced in the image where the tip intersects
the top of the patterns. The linespikes are caused by
stick-slip adhesion of the tip to the surface. The friction
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image [Figure 6(n)] provides a distinct view of the
pattern geometries, the areas of bright contrast indicate
the carboxylate-terminated regions of nanografted 16MHA. Notice the bright spots throughout areas of
the surrounding matrix monolayer, which identify the
locations of etch pits for the dodecanethiol SAM.
Linespikes are not detected in the simultaneously
acquired frictional force image. The height of the 16MHA patterns above the matrix measures 0.4 ± 0.2 nm
[Figure 6(o)] which is in agreement with the expected
theoretical height difference. The graphic design used
to generate the set of patterns is shown in Figure 6(p).

evidence of tip damage. Certainly if too much force
is applied for writing then the tip or substrate can be
damaged. The fabrication forces used for nanografting
typically are greater than 1 nN, dependent upon the system under investigation and the geometries and spring
constants of the cantilevers. For the examples presented
in Figures 2–6, the fabrication forces ranged from 2 to
10 nN. In contrast, for characterizing surfaces with nondestructive forces in liquid, the total force applied for
imaging is typically less than 1 nN to prevent damage
to the sample.
Optimization of the Writing Speed for Nanografting

Discussion
Automated nanografting offers advantages for the
speed and reproducibility of nanopatterning, and can
produce sophisticated pattern arrangements and geometries. The precision and reproducibility of nanografting
for the alignment, spacing, and shapes of nanopatterns is superb, due to the exquisite control of small
forces with piezoscanners. The geometry and fidelity
for reproducibly writing patterns depends on the fabrication and experimental parameters. To achieve high
resolution at the nanoscale, the force, speed, and the
scan direction for writing need to be optimized for each
experiment.
In situ Determination of the Threshold Force for
Writing

Automated SPL rapidly achieves sophisticated pattern shapes, high precision, and reproducibility for
the alignment, spacing, and geometry of nanopatterns. Instrument controllers for AFM can be interfaced
with a programable scanning module for automated
lithography(Cruchon-Dupeyrat et al ., 2001). Commercially available soft Si3 N4 cantilevers have mostly
been applied for nanografting n-alkanethiol SAMs,
with force constants ranging from 0.03 to 2.0 N/m.
Although substantial improvements have been made in
recent years for the manufacturing processes for AFM
tips, the spring constants of individual AFM probes
can vary widely for microfabricated levers (Hutter and
Bechhoefer, 1993; Neumeister and Ducker, 1994; Sader
et al ., 1995).The variations in tip geometry/sharpness
as well as differences in surface adhesion for different monolayers make it necessary to derive the optimized fabrication force for each experiment. A rapid
and systematic approach for finding the threshold force
is to write a number of small patterns with successively increasing applied force. The optimized force is
chosen by imaging the patterns and selecting the minimum force which produces a distinct nanopattern. The
chosen threshold force can then be used to write hundreds of nanopatterns during an experiment without

Among the parameters for successful nanografting, the speed of tip translation does not strongly
influence nanopattern quality when writing with nalkanethiol inks. (Xu et al ., 1999) Dense patterns can
be nanografted over a relatively wide range of writing speeds. For the most part, slower tip movement
has not produced observable changes for patterns of nalkanethiol SAMs. A general rule of thumb is that whatever writing speeds are suitable for imaging (0.1–0.5
um/s) will also work well for nanografting.
Design Parameters for Tip Translation

Writing at the nanoscale with an AFM tip is analogous to digging a trench of molecules; the removed
material can pile up on the sides of the nanopatterns.
Therefore, when designing the parameters for tip translation a practical strategy is to translate the tip to
push material to both sides of the pattern for clean
removal of the matrix SAM. Depending on the solvent
chosen for imaging, the shaved molecules eventually
dissolve in the liquid imaging media after sweeping
the surface a few times with the AFM tip at reduced
force. The images presented in Figures 2–6 evidence
clean removal of the matrix and replacement with ink
molecules from solution. Nanografting is not the best
approach for writing micron-sized patterns of SAMs,
because for larger patterns the shaved molecules can
persist and readsorb at the edges to form thick borders
(data not shown). However, nanografting is an excellent choice for writing SAM patterns that are smaller
than one micron, as viewed in the examples. Dozens
of small patterns can be rapidly inscribed with various
shapes and arrangements.
Mechanical parameters to consider are the nonlinearity of piezoceramic scanners, hysteresis and electronic
drift. When voltage is applied to a single segment of a
piezotube scanner, the movement of the tip follows a
linear trajectory. However, when voltages are applied
to two segments simultaneously the tip is often moved
unpredictably to different positions, such as for triangulating vector movements. The problems in nanoscale
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translations result from mechanical imperfections in the
manufactured sizes of scanner segments. If voltages are
applied to the scanner simultaneously for the x and y
directions, this will often produce distortions and misalignment of nanopatterns. Thus, to optimize pattern
geometries and arrangements, it is a good strategy to
program separate movements to define displacements in
either the x or y direction individually. Another strategy
to incorporate when defining the writing parameters is
to program brief pauses after translating the tip between
rows and columns of patterns. There are nanoscopic
displacements of the cantilever as the piezoscanner is
momentarily relaxed. The array in Figure 2(d) displays
an example where the bottom row of nanopatterns is
slightly out of alignment with the upper three rows. The
rows of patterns were written from left to right, beginning with the bottom row and proceeding to the top.
The registry of the bottom row is offset approximately
50 nm compared to the upper three rows of squares
caused by relaxation of the lever position. The example in Figure 2(a), on the other hand, is nearly perfectly
aligned for all four rows and columns because the programmed parameters issued a brief pause (5 s) before
beginning the writing operations.
Another imperfection introduced with nanografting
is apparent when the tip is picked up or placed on
the surface. In the process of writing stray lines may
be produced at the corners of patterns, which are
caused by the tilt of the cantilever under pressure.
As the tip is picked up or placed on the sample
there is often a nonvertical sliding motion produced
as an artifact of open-loop scanners. This becomes
apparent by viewing the writing tracks at the locations
where the tip was picked up or removed from the
surface [Figure 6(j)]. These artifacts can be prevented
by changing the lithography parameters to use a slower
speed for approaching or lifting the tip from the surface,
and by choosing a minimal threshold force for writing.
When the force is optimized nearly perfect shapes can
be nanografted, even when using an open-loop scanner
for feedback control.
Nanografting Gradient Patterns

It was previously established that nanografted patterns of n-alkanethiols form dense close-packed structures with crystalline order. (Xu and Liu, 1997) Periodic lattices were revealed by zooming-in for molecular
views of the surfaces of nanografted patterns. The AFM
images revealed a two-dimensional periodic structure
with a lattice constant of 0.5
√ nm,√which is consistent with the well-known ( 3 × 3)R30◦ structure
of alkanethiol SAMs where hydrocarbon chains are
close-packed and tilted ∼27◦ with respect to the surface normal. Depending on the sharpness of the AFM
probe, gradient patterns of a mixture of matrix and ink
molecules can be nanografted by changing the spacing
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between linesweeps. (Garno et al ., 2007) The array of
nanopatterns in Figure 2(d) was written with successive changes in line spacing between rows. The distance between horizontal linesweeps was programmed
to be different for each row, from top to bottom with
5, 3, 2 and 1 nm increments between linesweeps in
the y direction. No differences in the heights of the
patterns were observable from row to row, because
there is sufficient writing density to produce dense patterns. However, when such patterns are further reacted
with biomolecules or metals the nanoscale gradients
become apparent by differences in adsorption. (Garno
et al ., 2007)
Advantages of the in situ Approach of Nanografting

A significant advantage of using nanografting for
AFM investigations is the ability to conduct experiments in situ, successively viewing changes for
nanofabricated structures with high resolution in liquid media. Analogous to time-lapse photography, after
writing nanopatterns further reactions can be conducted
selectively on spatially defined regions of the surface
with nanoscale control of the reactivity of SAM headgroups. The surrounding areas of a matrix SAM can
be chosen to provide a nonreactive or insulating headgroups to spatially direct reactions to occur only for the
nanografted areas (Liu et al ., 2002b).Within the liquid
cell, solutions can be introduced with fresh reagents
and molecules for surface-confined reactions. Sequential real-time AFM images display reaction steps at
a molecular level, providing details of the adsorption
and conformational changes that take place over time
(Wadu-Mesthrige et al ., 2001). An important criteria
for in situ investigations with AFM is to use highly
dilute solutions for reactions. Since there is no need to
generate milligram quantities of products on surfaces
when studying nanoscale phenomena, the reactions for
AFM experiments require picomolar to nanomolar concentration levels. As an example, for reactions with
n-alkanethiol SAMs, introducing solutions at millimolar concentrations will potentially cause problems with
surface exchange reactions in which molecules from the
solution change place with matrix molecules to form a
mixed monolayer on the surface. For nanoscale investigations, the reagents need to be scaled to dilute regimes
to provide optimized conditions to control surface reactions. Consequently, as a benefit, very small amounts
of reagents are needed to conduct reactions in an AFM
liquid cell.
Applications of Nanografting

Nanografting has mainly been applied to fundamental studies of surface chemistry, assembly mechanisms, kinetics, and properties of thin films. (Xu
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et al ., 1998) Nanografted patterns of SAMS can be
applied as reference structures for measuring the dimensions of the tip apex in situ (Xu et al ., 2001). Also,
SAM patterns produced by nanografting can serve as
a molecular ruler for local measurements of the thickness of films (Brower et al ., 2002; Yu et al ., 2006;
Kadalbajoo et al ., 2007).The desorption and stability
of nanografted patterns over time has been investigated for different spacer lengths of n-alkanethiol
SAMs (Xu et al ., 1999). Bottom-up assembly has
been accomplished to produce 3-D nanostructures by
reactions with octadecyltricholorosilane (Liu et al .,
2002b), and electroless deposition of copper has been
achieved selectively on SAM nanopatterns (Garno
et al ., 2007). An emerging area of research is enabled
for molecular-level investigations of biochemical reactions with nanografted protein structures in which
nanopatterns are monitored during in situ protocols in
aqueous buffers (Wadu-Mesthrige et al ., 1999, 2000,
2001; Kenseth et al ., 2001; Case et al ., 2003; Cheung et al ., 2003; Zhou et al ., 2003; Hu et al ., 2005).
Nanografted arrays offer potential as a convenient test
platform to define the chemistry and placement of nanomaterials on surfaces. Designed 2-D arrays of patterns
of SAMs with tunable dimensions can be applied with
AFM measurements of surface properties such as friction and elasticity (Price et al ., 2005). Well-defined
nanostructures provide precise reproducible dimensions
for multiple measurements, and enable tunable material
compositions for studies of size-dependent properties
(Yu et al ., 2006). Advancement of viable nanotechnologies will require a thorough understanding of properties
at the molecular scale, and AFM-based lithographies
such as nanografting furnish a practical toolkit for
nanoscale research.

Future Prospectus
Methods of SPL are becoming indispensable for fundamental investigations of the interrelations between
chemical structure and properties of thin film materials.
Nanografted patterns of SAMs provide 2-D planar test
platforms for studies of size-dependent physical properties. In nanometer-scale structures, size effects give rise
to novel electronic, magnetic, and optical properties,
which occur at length scales between 1 and 150 nm.
When nanografting n-alkanethiol SAMs, surfaces can
be designed to anchor materials such as DNA, proteins,
polymers, metals, organic molecules, and polymers for
the bottom-up assembly of nanomaterials. Writing individual patterns may not be a practical strategy for
manufacturing devices, in which millions of structures
may be needed for a single memory chip or circuit
design. The serial nature of SPL is problematic for
future applications, which will require high throughput and speed. This problem has been addressed by

the on-going development of arrays of multiple probes
for parallel writing, as well as by increasing the speed
of writing processes. Prototype arrays of 1,024 (Vettiger et al ., 2000) and 55,000 (Salaita et al ., 2007)
AFM probes have been developed for high throughput
nanopatterning. Scanning probe lithography approaches
such as nanografting with SAMs extend beyond simple fabrication of nanostructures to enable control of
the surface composition and reactivity at the nanoscale.
Methods to precisely arrange molecules on surfaces will
contribute to developing functional device architectures
of future technologies.
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